Abstract: This paper is focused on the present state-of-the art of modifi cations and effects of dietary oxidized lipids during their transit along the gastrointestinal tract. A survey of the literature reporting changes and effects of oxidized lipids before absorption, fi rst in the stomach and then during enzymatic lipolysis in the small intestine, are addressed. Also, the fate of non-absorbed compounds and their potential implications at the colorectal level are discussed. Among the results found, it is shown that acidic gastric conditions and the infl uence of other dietary components may lead to either further oxidation or antioxidative effects in the stomach. Also, changes in oxidized functions, especially of hydroperoxy and epoxy groups, seem likely to occur. Enzymatic hydrolysis by pancreatic lipase is not effective for triacylglycerol polymers, and hence they can be found as non-absorbed oxidized lipids in the large intestine. Interactions of oxidized lipids with cholesterol absorption in the small intestine and with microfl ora metabolism have been also observed.
Introduction
Lipid oxidation is a major cause of deteriorative changes in foods, especially in relation to sensory properties and concerning the formation of potentially harmful compounds. The oxidation process in food lipids involves a complex series of reactions and gives rise to a high number of different compounds (Frankel, 2005) . Lipid oxidation products have attracted much attention because of the wide variety of degenerative processes and diseases associated, including mutagenesis, cell transformation and cancer; atherosclerosis, heart attacks and chronic infl ammatory diseases (Cohn, 2002; Kanazawa et al. 2002; Saguy and Dana, 2002; Kanazawa et al. 2002; Dobarganes and Márquez-Ruiz, 2003; Gigun-Sherki et al. 2003 Spiteller, 2006; Márquez-Ruiz and Dobarganes, 2006; Kanner, 2007) . However, it is often diffi cult to distinguish between the effects of lipid oxidation compounds coming from the diet and of those produced in vivo, the latter depending greatly on the effi ciency of defense enzymatic systems.
The gastrointestinal tract is constantly exposed to dietary oxidized lipids and the possible modifi cations and effects occurring are often ignored (Dobarganes and Márquez-Ruiz, 2003; Márquez-Ruiz and Dobarganes, 2006; Kanner, 2007) . It is essential to investigate their chemical changes in the upper gastrointestinal tract in order to know the structure and oxidized functions of molecules bioavailable for absorption in the intestinal lumen and hence for metabolic effects. Also, effects of non-absorbed oxidized lipids along the small and large intestines should not be disregarded because of possible interactions with mucosa and microfl ora metabolism.
In this review, studies reporting changes and effects of dietary oxidized lipids in the gastrointestinal tract are addressed. Physiological implications of oxidized lipids including their involvement in degenerative processes and diseases upon absorption are, however, beyond the scope of this review. A fi rst part of the paper will include a brief overview on formation and nature of dietary oxidized lipids. Subsequent parts will be dedicated to gastric changes, to events occurring during enzymatic hydrolysis and absorption and lastly to the fate and potential implications of non-absorbed lipids in the large intestine. Figure 1 illustrates the main changes and effects reported.
Dietary Oxidized Lipids: Formation and Nature
Triacylglycerols are the major constituents of dietary lipids, normally accounting for over 95% of food lipids, and thereby the most important substrates contributing to oxidized dietary lipids. Specifi cally, oxidation occurs in the unsaturated fatty acyl groups of triacylglycerols. Oxidation also affects minor lipidic compounds such as phospholipids, sterols, carotenoids, hydrocarbons and phenolic compounds.
The mechanism of lipid autoxidation is wellestablished and involves a catalytic process which proceeds via a free radical mechanism (Frankel, 2005) . The initiation step consists on alkyl radical formation in the carbon adjacent to the double bond and the propagation step on addition of oxygen to form alkylperoxyl radicals, hence the oxygen consumed is primarily converted to hydroperoxides. The main mechanism for volatile formation is through β-scission of the alkoxy radical derived from hydroperoxides. Volatile oxidation compounds are formed in very low amounts and are of the utmost importance from the quality point of view but not from the nutritional point of view. On the other hand, breakdown, decomposition and further reaction of hydroperoxides and the radicals involved result in fi nal oxidation products including oxidized triacylglycerols, dimeric and oligomeric triacylglycerols. Oxidized triacylglycerols include short-chain fatty acyl and short-chain n-oxo fatty acyl groups as well as different oxygenated groups such as hydroxy, keto and epoxy. Formation of dimers and higher polymers is favored at high temperatures such as during frying Sanchez-Muniz et al. 2007) Oxidation compounds in foods are formed during all their processing steps from raw product selection to household or industrial preparation, including commercialization and storage periods. At low or moderate temperatures, solubility of oxygen is high and hydroperoxides are the major products formed. The chemistry of oxidation at high temperatures is much more complex since both thermal and oxidative reactions are simultaneously involved . As temperature increases, the solubility of oxygen decreases drastically although all the oxidation reactions are accelerated and formation of new compounds is very rapid. Hydroperoxides are practically absent above 150 °C and secondary oxidized triacylglycerol monomers and polymers are formed since the very early stages of heating (Dobarganes and Márquez-Ruiz, 2003) . Whereas in foods subjected to oxidation at low temperature, rarely more than 4%-5% of triacylglycerols would be oxidized (corresponding to about 100 meq O 2 /kg fat, level at which rancid odor is clearly detectable), in the case of frying fats the present offi cial regulations establish the limit of new compounds formed in as high as 25% (Firestone, 1996) and this level is even considerably surpassed in a signifi cant number of products from fast food outlets (Saguy and Dana, 2002) . Hence, most of the oxidized lipids in foods are expected to come from processes involving high temperatures. This is particularly important in the case of fried foods produced through discontinuous frying process that may lead to high degradation levels (Saguy and Dana, 2002) . Nevertheless, there are no data available on the average intake of oxidized lipids, and the chemical structure and abundance of specifi c oxidized compounds in the diet are still poorly known (Dobarganes and Márquez-Ruiz, 2003) .
Dietary Oxidized Lipids Under Gastric Conditions
Prior to gastric conditions, dietary lipids are subjected to the action of lingual lipases present in the mouth during mastication of a fat-containing food. Although effects on oxidized lipids have not been studied, the short residence time and low enzyme activity is expected to result in negligible effects in the oral cavity (Hamosh, 1984) . However, human parotid saliva was found to reduce arachidonic acid hydroperoxides to its corresponding hydroxy arachidonic acid although only in the presence of glutathione. This effect may be favored in the stomach because of the presence of dietary glutathione and the acidic environment ).
Kanner and coworkers have described the stomach as a "bioreactor" capable of further dietary lipid oxidation or antioxidation (Kanner, 2007) . The authors suggest that human gastric fl uid, which contains absorbed oxygen and a low pH, may be an excellent medium for enhancing oxidation of lipids in the presence of catalysts found in foods (Kanner and Lapidot, 2001 ). Thus, in vitro experiments using muscle tissues, metmyoglobin or iron ions, incubated in simulated or human gastric fl uid, showed enhanced hydroperoxide formation in samples of linoleic acid or soybean oil, and the crossreaction between free radicals produced cooxidized vitamin E, β-carotene and vitamin C (Lapidot et al. 2005a ). However, lipid peroxidation and co-oxidation of the vitamins in stomach medium could be inhibited by red-wine polyphenols (Gorelik et al. 2005) . This research group have also determined the effect of pH, estimated the oxygen content in the stomach, and investigated the interaction of selected prooxidants and antioxidants in gastric fl uids (Gorelik et al. 2005; Lapidot et al. 2005a Lapidot et al. , 2005b . Most recently, they reported the dual role of saliva in lipid peroxidation under stomach conditions. It was found that lactoperoxidase increased lipid peroxidation whereas thiocyanate and nitrite reduced it in the presence of reducing compounds. Saliva and polyphenols together protected from co-oxidation of vitamin E in gastric fl uids (Kanner, 2007) .
During oxidation of foods at low and moderate temperatures, substantial levels of hydroperoxides may be formed and ingested in the diet, and hence modifi cations under gastric conditions are important to elucidate to what extent they could be absorbed in their intact form. Moreover, a myriade of deleterious effects have been associated with hydroperoxide reactions such as implication in the atherosclerotic process (Penumetcha et al. 2000; Chisolm and Steinberg, 2000) and degenerative disorders (Bull and Bronstein, 1990; Marnett, 1999; Kanazawa et al. 2000; Spiteller, 2006) but contribution of compounds coming from dietary oxidized lipids is unknown.
Kanazawa and coworkers reported that trilinolein hydroperoxides were hydrolyzed in the rat stomach when administered intragastrically at low doses, giving rise to linoleic acid hydroperoxides and hydroxyls, probably through gastric lipases. At high doses, trilinolein hydroperoxides were mostly retained in the stomach. When linoleic acid hydroperoxide was administered intragastrically, it was converted into secondary oxidation compounds, including hydroxyls, epoxyketones, hexanal and 9-oxononanoic acid, time-dependently (Kanazawa and Ashida, 1998a) . The fate of linoleic acid hydroperoxides was further investigated chemically and radiochemically and found to decompose mainly to aldehydes and epoxyketones (Kanazawa and Ashida, 1998b) . Hydroperoxide modifications have been also observed under simulated gastric conditions, thus suggesting that acidic gastric environment plays an important role in this reaction. Thus, Terao and coworkers found that most phospholipid hydroperoxides were decomposed during a 2 h incubation period in a simulated gastric juice (Terao and Fukino, 1993) .
The gastrointestinal glutathione peroxidases represent a fi rst line of defense against ingested hydroperoxides (Loguercio and Di Pierro, 1999) . They convert hydroperoxides to less reactive hydroxy or aldehydic compounds (Aw, 2005) . Complex interaction of such detoxifying enzymes with oxidized lipids have been reported, such as inhibition of glutathione peroxidases by aldehydes (Bosh-Morell et al. 1999 ) and enhanced absorption of hydroperoxides due to glutathione peroxidase inhibition (Aw, 2005) . Glutathione regulates the action of glutathione peroxidases and glutathione transferases and is abundantly distributed in the mucosal cells of gastrointestinal tract. Since the amount of glutathione ingested with foods affect greatly its concentration in the gastrointestinal tract (Loguercio and Di Pierro, 1999) , composition of diet would determine in part modifi cations of hydroperoxides by glutathione peroxidases before absorption.
Hydrolysis of epoxy compounds to render the corresponding diols may also occur before absorption, under the acidic conditions in gastric media (Maerker, 1988; Piazza et al. 2003; Giuffrida et al. 2004) . This is of great importance because monoepoxy compounds have been recently found to be one of the major oxidized groups formed at frying temperatures (Velasco et al. 2004a (Velasco et al. , 2004b , accounting for about 25% of total oxidized fatty acyl groups in real used frying oils at the limit of rejection. Depending on the extent of epoxide conversion to hydroxy function, compounds containing hydroxy groups could be available for absorption in substantial amounts and much higher than those ingested in the diet.
Another type of possible modifi cations occurring to oxidized lipids in the stomach, particularly to those coming from dietary fried products, refer to depolymerization reactions. Possible breakage of dimers and polymers, the major compounds formed under frying temperatures, could explain the unexpectedly high digestibility values found for such compounds and the detection of nonaltered radiolabeled fatty acids in feces from rats fed diets added thermoxidized radiolabeled linoleic acid (Márquez-Ruiz and Dobarganes, 1995) .
Enzymatic Hydrolysis and Absorption of Oxidized Dietary Lipids
Triacylglycerol monohydroperoxides appear to be hydrolyzed by pancreatic lipase at almost the same degree as its original triacylglycerol Ashida, 1998a, 1998b) . However, as commented before, previous reactions in the stomach may have converted triscylglycerol hydroperoxides into other oxidized compounds.
Also at the intestinal level, further changes of hydroperoxides have been reported. Muller and coworkers investigated the metabolic fate of radiolabeled 13-hydroperoxyoctaecadienoic acid, 13-hydroxyoctadecanoic acid and linoleic acid in Caco-2 cell monolayers as a model of the intestinal epithelium and found that radioactivity was recovered for both hydroperoxy and hydroxy compounds in diacylglycerols, phospholipids and cholesterol esterifi ed with oxidized fatty acids, thus concluding that food-born hydroperoxy fatty acids are reduced by the gastrointestinal glutathione peroxidase (Muller et al. 2002 ).
Recently, molecular-level information of the oxidized triacylglycerol structures present in small intestinal mucosa, adipose tissue and lipoproteins of pigs fed diets with oxidized sunfl ower oils (peroxide value close to 200 meq/Kg) has been reported. The authors did not fi nd triacylglycerol hydroperoxides in tissues or lipoproteins but they detected secondary oxidation products, such as triacylglycerol hydroxides, ketones and epoxides (Suomela et al. 2004 (Suomela et al. , 2005 .
In contrast to the results above commented which indicate that hydroperoxide are not likely to be absorbed in their intact form because of previous modifi cations occurring in the stomach and intestinal epithelium, it has been reported that oxidized lipids in the diet are a signifi cant source of plasma hydroperoxides (Nagatsugawa and Kaneda, 1983; Staprans et al. 1994 Staprans et al. , 1999 Ursini et al. 1998 ).
As to effects of hydroperoxides on intestinal mucosa, Kanazawa and coworkers (Kanazawa et al. 1988 ) examined their potential toxicity by measuring activities of sucrase, maltase, and alkaline phosphatase, which refl ect the integrity and function of the brush border membrane. They found that hydroperoxides decreased enzyme activities in jejunum and ileum. On the other hand, incubation of Caco-2 cells with oxidized linoleic acid led to increased apo A-I secretion and steadystate mRNA expression, whose level is negatively correlated with atherosclerotic cardiovascular disease (Rong et al. 2002) .
Hydroxy fatty acids are present in dietary oxidized lipids as relatively stable compounds and can also be formed by reduction of hydroperoxides prior to intestinal absorption. Studies on ricinoleic acid, a naturally occurring hydroxy fatty acid, indicated that it is effi ciently absorbed from the intestinal tract and deposited in the adipose tissue of rats (Perkins et al. 1961; Kieckebusch et al. 1963; Govind Rao et al. 1969) , although no evidence was obtained for the incorporation of 14 C-hydroxy acids into liver lipids in their intact form (Reber and Draper, 1970) . Recently, it has been reported that hydroperoxylinoleic acid and hydroxylinoleic acid, obtained enzymatically from linoleic acid, are effi ciently absorbed in vitro by Caco-2 intestinal cells (Penumetcha et al. 2000) . In humans, dietary hydroxy and epoxy fatty acids incorporated in triacylglycerols were found to be well absorbed (Wilson et al. 2002a (Wilson et al. , 2002b . However, differences between monoepoxy and diepoxy fatty acids in the rate of absorption were reported, namely, even though their early rate of absorption appeared similar, diepoxy fatty acids were absorbed much less as time went on (Wilson et al. 2002b) .
Other compounds present in dietary oxidized fats and specially in fried products, of higher molecular weight than that of parent triacylglycerols, i.e. triacylglycerol dimers and polymers, are not readily hydrolyzed, as shown by in vitro enzymatic hydrolysis studies on thermally oxidized and used frying oils and fats (Arroyo et al. 1996; Márquez-Ruiz et al. 1992a Sánchez-Muniz et al. 2000) . Moreover, deficiencies in dimers and polymers hydrolysis were found to affect signifi cantly the release and hence digestibility of oxidized monomeric and even unoxidized fatty acids (Márquez-Ruiz et al. 1991; 1992a , 1992b , 1992c Márquez-Ruiz and Dobarganes, 1995; Sánchez-Muniz et al. 1999; González-Muñoz et al. 2003) . Impairment of polymeric triacylglycerol hydrolysis and the subsequent effect on cholesterol micellar solubilization could explain that excretion of endogenous sterols, particularly cholesterol, was markedly higher in rats fed diets containing thermoxidized oils versus nonheated oils . Similarly, Hochgraf et al. have reported greater cholesterol excretion in rats fed diets with 10% lipid model preparation containing 60% highly oxidized linoleic acid and hence presumably rich in polymers (Hochgraf et al. 1997 (Hochgraf et al. , 2000 . In contrast, solubilization and intestinal absorption of cholesterol may be favored by the presence of oxidized lipids readily absorbable, as it occurred when testing hydroperoxylinoleic acid and hydroxylinoleic acid .
Oxysterols are found in diet in very low amounts but they have attracted much attention, specially oxidized cholesterol, because of their association with atherosclerosis (Brown and Jessup, 1999; Staprans et al. 2000; Guardiola et al. 2002) . However, the extent of oxidized cholesterol absorption and, in particular, the influence of concomitant presence of other more abundant dietary oxidized lipids, is not clear.
Non-Absorbed Oxidized Lipids in the Large Intestine
Non-absorbed oxidized lipids coming from incomplete hydrolysis and/or malabsorption pass from the upper small intestine to the most distal parts of the large intestine but their effects on intestinal mucosa and interactions with colonic microfl ora are poorly known. Composition of nonabsorbed oxidized lipids is expected to be very complex, including non-hydrolyzed triacylglycerols, mostly of polymeric nature, and non-absorbed fatty acids, along with partial glycerides and minor lipid compounds, most containing different types and number of oxygenated funtions.
In studies determining digestibilities of oxidized monomeric, dimeric, and polymeric fatty acyls groups included in thermoxidized oils, quantitative data was obtained on the occurrence of non-absorbed oxidized lipids, ultimately found in fecal lipids. As a result of comparing levels in diets and in feces, about 20% of oxidized fatty acid monomers and between 50 and 90% of dimers and polymers were found in excreted lipids (Márquez-Ruiz et al. 1992b , 1992c Márquez-Ruiz and Dobarganes, 1995) . Among polymeric fatty acids, the lowest digestibilities were found for non-polar dimers (10.9% on average), i.e. dimers linked through carbonto-carbon bonds and without any oxygenated function in fatty acyl groups. The low digestibility of non-polar dimers, especially when compared to polar dimers, along with the presence of high free levels in non-absorbed lipids, specifi cally suggested diffi culties during the absorption process (Márquez-Ruiz et al. 1993) . When endogenous fatty acids, mostly originating from microfl ora metabolism, were quantitated in fecal lipids, results showed that their excretion increased as the dietary oil alteration was greater , thus supporting that high concentrations of poorly digested lipids could have led to intestinal microbial modifi cations.
Polymers constitute a major fraction in used frying oils and fats, reaching a level as high as 12% on oil in samples at the limit of rejection (25% polar compounds) (Firestone, 1996) . Their low absorption involves their presence in non-negligible amounts throughout the gastrointestinal tract and hence the interest to further study potential effects on epythelial cells and microfl ora metabolism . In connection with these aspects, it has been reported that both unabsorbed fats and bile acids secreted in response to a high fat intake might injure the intestinal mucose by their detergent activity, and metabolites of bile acids formed by intestinal bacteria (secondary bile acids) act as tumor promoters (Vonk et al. 1997) . Also, the potential contribution of intestinal fl ora to the production of mutagens from the oxidation of fecal lipids and the effect of vitamin E as a chemopreventive agent have been evaluated (Stone and Papas, 1997; Campbell et al. 2003) . Other results suggest that highly oxidizable oils such as fish oil may affect lower intestinal microfl ora through increasing oxidized lipids in caecum (Kuda et al. 2000) . In the case of dietary oxidized lipids, much research work remains to be done. Among the aspects of interest in this context are the effects of oxidized lipids on the number and distribution of colonic bacteria, and the potential hydrolysis and other chemical modifications of oxidized lipids by enzymes associated with colonic bacteria.
Particularly in the case of lipid hydroperoxides, their role in mediating cellular and molecular events in degenerative intestinal disorders, with particular emphasis on colorectal cancer, has deserved special attention. It has been reported that the gut immune system constitutes a possible line of defense, as indicated by both in vitro experiments using 13-hydroperoxylinoleic acid on human colonic lamina propria lymphocites and in vivo assays (Gualde et al. 1983; Elitsur et al. 1990 ). Lipid hydroperoxides were reported to stimulate cell proliferation and DNA synthesis and to induce ornithine decarboxylase activity, indicating tumor-promoting effects (Bull et al. 1984 (Bull et al. , 1988 Earles et al. 1991) . Studies on human colonic Caco-2 cells have shown that subtoxic levels of hydroperoxides disrupted intestinal redox homeostasis, which contributes to apoptosis (Wang et al. 2000) . Complex metabolic effects from chronic exposure to subtoxic levels of hydroperoxides have been reported in rats (Tsunada et al. 2003a (Tsunada et al. , 2003b as well as effects on the expression of vascular endothelial growth factor in human colorectal tumor cells (Jurek et al. 2005) .
Regarding mechanisms responsible for intestinal tumor promotion by dietary oxidized lipids, Bull and coworkers investigated the action of hydroxy oleate and stearate, ricinoleic acid, and the α-β-unsaturated ketone derived from hydroxyoctadecenoic acid, after intrarectal instillation to rats (Bull et al. 1988) . It was concluded that the minimal requirement for stimulation of colon cell proliferation was the presence of an oxidized functionality adjacent to a carbon-carbon double bond. Furthermore, an α−β-unsaturated ketone was suggested as a likely candidate for the ultimate active form. Production of 2,4-dienone containing fatty acids was later demonstrated during the metabolism of hydroperoxy fatty acids in rat colonic homogenates (Bull and Bronstein, 1990) . Other experiments described enzymatic activity that catalyzed the conversion of 13-hydroxyoctadecadienoic acid into 2,4-dienone containing fatty acids. The enzyme activity is widely distributed, with the highest activity in the colon and liver Bull et al. 1991) . The latest fi ndings on the relationship between dietary lipid oxidation and cancer indicate that the effect of peroxyl radicals on DNA consist mainly on depurination and depyrimidation, and base modifi cations. Accordingly, a high frequency of mutations can be anticipated and these are thought to contribute to carcinogenesis (Kanazawa et al. 2002) . One of the DNA adducts formed by 4-hydroxy-2-nonenal has been detected in in healthy human colons (Chung et al. 2000) .
Dietary components other than lipids may have a great infl uence on the apparent adverse effects of the latter, as it has been suggested in the case of consumption of red meat. Thus, a hemoglobin-iron rich diet containing saffl ower oil led to increased incidence of colon cancer in rats, attributable to the generation of peroxyl radicals from dietary or membrane lipids of intestinal epithelial cells since addition of scavenging antioxidants reduced such an incidence (Sawa et al. 1998) . Paradoxically, selective cytotoxic or anti-proliferative effects on tumor cells have been observed for certain polyunsaturated fatty acids, associated with the increase in lipid peroxidation in vitro (Diggle, 2002) .
Concluding Remarks
Chemical changes of dietary oxidized lipid molecules before absorption are essential to gain insight into the nature of compounds which are majoritarily absorbed and hence available to exert any biological effect in the circulatory system and target organs. Further research in this context is needed, which would help to distinguish between the effects derived from oxidized compounds coming from the diet and those resulting from compounds produced in vivo, and hence to clarify the real signifi cance of normal intakes of oxidized compounds. Another important issue to be addressed, which has been scarcely studied so far, deals with the implications of non-absorbed oxidized compounds during their passage through the small and large intestines. In this respect, mucosa cell modifi cations and interactions with microfl ora metabolism are essential research goals.
